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218 (3) Marsh and Solomon ( 16) showed no evidence of active salt reabsorption from either descending or thin ascending limbs in the hamster papilla.
This experimental approach is the most direct test of tubular performance yet devised; if the results are correct, the countercurrent-multiplier theory cannot work in the inner medulla and some other mechanism for concentrating the urine in this region must be sought. But to decide on the validity of the result, one must turn to other experimental designs.
But if these results are consistent with countercurrent multiplication, they do not prove it, for several reasons. First, a concentration difference between two points along a tubule might result either from the removal of solute or from the addition of water. The thin ascending limb moves through a region of ever decreasing osmolality, and if solute and water movements are governed solely by transmural concentration gradients, net influx of water into the lumen would be expected. Second, to ascribe significance to an osmolality difference between two limbs at the same level requires the assumption that both make contact with the same interstitial region. Recent anatomical findings suggest that this requirement is not fulfilled. Kriz (9) reported that descending limbs run with the vasa recta, while the thin ascending limbs are in a separate region along with collecting ducts. Hence, it must be proved that the interstitial fluid of both spaces is the same in a given plane of the medulla. No such proof exists. Finally, the loop penetrates a medullary interstitial region whose NaCl and urea concentrations increase steadily toward the papillary tip. Sodium chloride concentrations in the descending limb must first increase before they can start to decrease in the ascending limb, and some urea will be added to the tubular fluid. Until it becomes possible to separate the changes occurring in the two segments of the loop, no particular significance can be attached to the fact that most of the solute concentration difference between the two limbs is provided by a difference of NaCl concentration. The present study attempts to avoid these pitfalls. Paired collections were made from single thin limbs to decide whether there is net reabsorption of solute or net addition of water as the limbs course through the medullary interstitial gradient.
METHODS

Golden
hamsters, 60-80 g body wt, were anesthetized with inaktin, administered intraperitoneally, 140 mg/kg body wt. The animals were placed on a heated table and the abdomen was entered through a midline laparotomy incision. The stomach and intestines were reflected to the right, wrapped in gauze moistened in saline, and then in Parafilm to prevent evaporation.
The left kidney was freed from the peritoneum and its adjacent adrenal gland by blunt dissection, and the kidney was mounted in a Lucite cup fastened rigidly to the animal table. The tip of the renal papilla was exposed by resecting the renal pelvis. The true capsule was left intact, except for a small area along the ventromedial edge of the kidney overlying the papilla where the capsule had to be removed for adequate exposure of the papilla.
A continuous flow of warm paraffin oil, NF, helped to maintain the temperature of the kidney at 37 C and also to prevent evaporation.
The papilla was illuminated with a fiber optic light guide held in place by a Lucite gut retractor, which was also rigidly fastened to the animal table. The animals received an intravenous infusion of isotonic NaCl into the right femoral vein. The saline contained inulinJ4C OOH, 100 &ml. The priming volume was .12 ml, the sustaining infusion was given at 24 ml/hr. Forty-five minutes elapsed between the start of the infusion and the beginning of micropuncture collections. Four separate protocols were used. 1) To estimate the time variation of the different variables to be measured, a loop of Henle was punctured at its bend. A sample was collected for 5-6 min, and the pipet was withdrawn. A second pipet was then inserted into the same loop at the first puncture site and a second collection was made, again for 5-6 min.
2) In the ascending limb series, a pipet was inserted into a loop of Henle at its bend, and a small drop of mineral oil was expressed from its tip into the lumen. The flow of tubular fluid carried the droplet along, and when it was at least 750 p from the bend of the loop, a second pipet was inserted into the ascending limb revealed by the moving oil droplet. A 5-to 6-min collection was made from the site in the ascending limb; a second droplet of oil was expressed from the pipet at the bend and allowed to flow to the ascending limb pipet to verify that the pipet was indeed in the same loop of Henle, and the second oil droplet was aspirated into the tip of the ascending limb pipet to terminate the collection. A 5-to 6-min collection was then made into the pipet at the bend of the loop.
3) In the descending limb series, a simple 5-to 6-min collection was made from the bend of Henle's loop, and the pipet was then withdrawn.
A second pipet was inserted into what was judged to be the descending limb of this loop, at least 750 p proximal to the first collection site. A droplet of oil was expressed into the lumen and permitted to flow 825 toward the bend of the loop. If this oil droplet appeared at the first puncture site, a 5-to 6-min collection was made into the pipet in the descending limb. 4) In a fourth series of experiments, tubular fluid was collected from the bend of the loop and blood from an adjacent vas rectum. Both collections were made from the same level along the corticomedullary axis. The rate of blood collection was adjusted so the velocity of the blood cells within the blood vessel leading to the pipet was the same as in adjacent blood vessels. Both ascending and descending vasa recta were sampled; the blood was always collected after the tubular fluid. Approximately 20 nl of blood were collected, and then oil from the pool bathing the kidney was aspirated into the pipet until the specimen was about 5 mm from the tip of the pipet. The pipets were next sealed with an oxygen torch that provided a high intensity, well-localized source of heat at the tip which did not warm the remainder of the pipet. Pipets were mounted in a protective glass jacket and centrifuged in an International model MB centrifuge. The blood plasma was removed through the rear of the pipet with a long, thin, oil-filled glass capillary, and placed under mineral oil to await further analysis. Tubular fluid was collected at a rate sufficient to maintain an oil droplet at a constant position distal to the collection pipet. The collection pipets were made from Pyrex capillary glass, 1 .O mm od, 0.2 mm wall thickness, and were ground to a tip diameter of 5-6 p for loop micropunctures, and 10-l 2 p for vasa recta. Blood for inulin determinations was collected from a jugular vein at intervals of 30 min or less.
Specimens for inulin analysis were deposited into liquid scintillation vials containing 10 ml of a toluene fluor and .15 ml of a detergent (Biosolv-3, Beckman Instruments, Inc). The vials were counted in a Nuclear-Chicago liquid scintillation spectrometer. All specimens had activity at least twice background levels; most had 4-5 times background. All specimens were counted to at least 10,000 counts. The basic design of the experiments, which will evaluate solute and water movement in thin limbs, is to measure sequentially in time at two points along the same loop of Henle. The interpretation of these experiments will require the assumption that none of the variables to be measured varied significantly during the time course of the paired collections.
To test this assumption, paired collections were first made from the same point in individual
Henle's loops, covering the same time span to be used in the later series of experiments.
The results are shown in Fig. 1 , A-E, and are summarized in Table 1 . None of the results shows any significant variation with time.
The complete results of paired collections in thin ascending limbs are given in Table 2 . Figure 2 shows the paired inulin data from these experiments.
There is no detectable change of the inulin TF/P along the first 750-1,200 p of thin ascending limb, which is approximately 20 % of the total length of this segment. This result refutes the suggestion that the function of the thin ascending limbs is to remove water from the medulla ( 12). Figure 3 permits a-comparison between these inulin data and values for osmolality, sodium, and urea measured in the same specimens. There is, on average, net reabsorption of solute from the thin ascending limb in antidiuresis, and the main solute reabsorbed is NaCl. Since there is virtually no water movement from a segment which is reabsorbing NaCl, it follows that these limbs reabsorb NaCl hypertonically, as required by the countercurrent-multiplier hypothesis. Note that the reabsorption of NaCl more than accounts for total solute reabsorption.
The apparent discrepancy is due to the net influx of urea from the interstitial region into the tubular fluid. There is net reabsorption of potassium along the ascending limb. The results of similar experiments in the descending limb are shown in Fig. 4 , and tabulated in Table 3 . There is a small but significant rise of the inulin concentration as fluid flows toward the bend of Henle's loop. Osmolality and NaCl concentration increase also, but because of the rise of the inulin ratio, there is no detectable increase in the mass flow of total solute or of NaCl between the two collection sites. There is a highly significant increase of the urea concentration proceeding toward the bend. Since the increased load cannot be accounted for by the rise in inulin concentration, this increase must be due to the net influx of urea from the interstitial region. The average inulin TF/P for all samples collected at the The present results, which make use of more conventional inulin measurements, fail to show a volume influx into the lumen of the thin ascending limb. Any hypothesis which requires such a volume influx receives no support here.
The present results also provide evidence for reabsorption of solute, and more specifically of NaCl. 3&y themselves these results permit no conclusion about the mechanism of the reabsorption.
The thin ascending limb fluid crosses the corticomedullary solute gradient as it returns towards the cortex, so that tubular fluid is always coming from a region of higher interstitial NaCl concentration. readily create a concentration gradient favoring the efflux by diffusion of NaCl from the lumen, and the observed reabsorption might simply reflect passive movement of sodium chloride in response to' existing gradients. If this were true, these results would be compatible with the stopped-flow microperfusion data, which failed to show evidence of active NaCl reabsorption.
Tempting though it may be to adopt this interpretation to reconcile two apparently conflicting sets of data, I will now attempt to show the difficulties inherent in such a course. Assume for the moment that the results of this study are due to passive movement of NaCl across the thin ascending limb epithelium.
If the loops do no osmotic work, some other structure must ( 15). It has been argued that the collecting duct is such a structure ( 12, 15), and indeed there is little question that the collecting duct performs osmotic work in the form of active salt transport.
However, for this work to be harnessed to the urinary concentrating mechanism, it must meet one stringent requirement-the reabsorbate generated by the process must be hypotonic with respect to the collecting duct luminal contents. An isotonic reabsorbate will simply transfer volume with no change of concentration, and hypertonic reabsorption might concentrate the interstitial regions, but it would leave the urine more dilute. Thus, only if the reabsorbate is primarily hypotonic, and then, only if some mechanism exists for the removal of this hypotonic fluid from the interstitial region, can the collecting duct salt-transport mechanism serve to concentrate both the urine and the medullary interstitium.
To maintain a steady state in an arbitrarily small region of the medulla, the sums of all water flows and of all solute flows into and out of the region must equal zero. If fluid enters the region in hypotonic proportions from the collecting duct, it must leave by another route in the same proportions.
The present results exclude the loops of Henle from consideration as the route of water removal from the medulla, and it is difficult to conceive that the vasa recta have the permeabilities needed to accomplish this task. These results are more than simply consistent with a countercurrent-multiplier model; they restrict the alternatives until little else remains. To decide finally whether the thin ascending limbs act on the interstitium or the interstitium on the ascending limbs, we must know the composition of the interstitial fluid adjacent to the thin ascending limb. To find tubular fluid NaCl concentration lower than interstitial fluid will compel adoption of the countercurrent-multiplier hypothesis; if it is not lower, run in the hypothesis must be rejected. Since the two limbs separate spaces, no measurements in the descending limb-vascular space can tell us the interstitial concentration in the ascending limb-collecting duct space. The finding of Jamison et al. (7) that ascending limbs had lower osmolalities than descending limbs could reflect a difference between the composition of the two interstitial regions rather than hypertonic reabsorption. But to entertain this possibility forces an examination of the circumstances under which the vasa recta-descending limb space might have the higher osmolality.
The answer can be formulated in a general way: the region where the osmotic work is done will have the highest concentration.
For the vasa recta-descending limb space to be at the highest concentration requires blood vessels or descending limbs to be the locus of the single effect.
Although the properties of vasa recta have not been extensively studied, there is no reason to believe that they or any other capillaries are capable of osmotic work. If the descending limbs reabsorbed NaCl hypertonically, the interstitium might become hypertonic, but the tubular fluid would become more dilute, and it does not, as shown by the results presented here and by the results of many others. Active secretion of NaCl into the lumen of the descending limb might work as the single effect in a countercurrent multiplier, but there is no evidence to support the idea, some evidence against it (4, 6, 7, 10, 16, 17, 18, 22)) and it is inelegant, because it requires salt to be pumped in a direction it never takes elsewhere in the nephron. By a process of exclusion, we are left with active salt reabsorption from the thin ascending limb as the primary source of work for the urinary concentrating mechanism in the inner medulla.
The conclusion is insecure because it is not rigorously proved, and because there are conflicting data from the stopped-flow microperfusion studies. However, as pointed out above; the loop ascends through an interstitial osmolality gradient which should cause water to enter the tubular fluid. The two antagonistically poised driving forces could simply be canceling each other.
The entry of urea into the thin ascending limb is another unexpected finding. It implies a failure of complete equilibration between descending limb fluid and interstitial space. This implication is borne out by the results of direct measurements shown in Fig. 5 . A second implication is that the thin ascending limb wall is permeable to urea while at the same time being relatively water and salt impermeable. This conclusion is supported by the results of permeability measurements reported recently by Morgan and Berliner ( 17). They found that the water permeability of descending limbs was several times greater than that of ascending limbs while the urea permeability was approximately equal in the two structures.
The functional significance of urea entry in thin ascending limbs is difficult to assess at present. If, as seems likely, urea movement is governed solely by concentration gradients, at some point during the limb's return to the cortex, the transmural concentration gradient for urea will disappear and probably even reverse. Provided the thin ascending limb retains its high urea permeability along its entire length, the urea load will probably decrease again before the thick ascending limb is reached, at least in the loops reaching the tip of the papilla. However, most loops do not travel to the tip of the papilla, but turn at a somewhat higher level. If we assume that all descending limbs fail to equilibrate with respect to urea, we can predict that the closer to the junction of the inner and outer medulla a loop turns, the less opportunity there is for subsequent urea loss from ascending tubular fluid after the entry that occurs initially.
It seems reasonably safe to conclude that the high urea permeability of the thin ascending limb serves to ensure more efficient recirculation of urea. Note that since the thin ascending limb runs most closely with collecting ducts, it is in the principal urea supply region. This juxtaposition of a urea source in the collecting ducts and a highly permeable urea sink in the thin ascending limbs maximizes the possibility of recirculation of urea.
Thin descending limb function. Results of paired measurements in individual descending limbs reveal a significant addition of urea to descending limb tubular fluid, far in excess of that which can be obtained from simple osmotic withdrawal of water. As seen in Fig. 5 , even at the bend of the loop of Henle, there is a sizeable concentration gradient favoring this inward movement, and so it is sufficient to ascribe the observed movement of urea to simple diffusion down a concentration gradient.
ularly in the inulin data, limits the confidence with which such a statement can be made. De Rouffignac and Morel (il8) recently presented evidence from which they argued that the high NaCl concentration of descending limb tubular fluids in Psammomys results from a combination of NaCl influx and osmotic water withdrawal, with the former predominant.
The present data are not necessarily inconsistent with this view; they simply require that the principal site of sodium addition be located somewhat more proximal than the terminal region of the descending limb. Recall that tissue-slice analysis shows that the corticomedullary sodium gradient is steepest in the outer medulla and the regions of the inner medulla adjacent to the outer medulla; the tissue NaCl concentration tends to level off as the tip of the papilla is approached.
Hence, the failure to observe net addition of NaCl in the present experiments could result simply from the fact that the NaCl concentration gradient, the driving force of this influx, is nearly zero in the region of study. 
